The oxidation of cyclohexane to cyclohexanone, cyclohexanol, and adipic acid, which are important raw materials in nylon industry, is still being challenged in conventional processes. Microreactors and gold catalysts are both widely researched areas at present, so an effort was made to make use of collaborative properties of both. In this study, stainless steel microcapillary coated with a supported nano-gold catalyst was prepared, characterized, and employed for the oxidation of cyclohexane. Under the temperature of 180°C, residence time of 4 min, reaction pressure of 3 MPa and molar ratio of oxygen to cyclohexane of 0.3:1, the conversion of cyclohexane was 2.09%, with the selectivity of cyclohexanol, 29.37%; cyclohexanone, 39.89%; cyclohexyl hydroperoxide, 2.46%; and adipic acid, 18.87%. Experiments showed that stainless steel microcapillary coated with a supported nano-gold catalyst in cyclohexane oxidation is a feasible process; the reaction time is very short, and the process operation runs safely.
Introduction
Cyclohexanone, cyclohexanol, and adipic acid are important raw materials for nylon-6 and nylon-66, but its preparation through cyclohexane oxidation still has challenges in many aspects [1] [2] [3] [4] . In the traditional process, cyclohexane oxidation proceeds in a series of stirred tank reactors or staged bubble columns, and the potential risk of explosion is of critical concern in addition to the disadvantages of low conversion (less than 4%), low selectivity (selectivity of KA less than 80%), and long reaction time in these processes [5] [6] [7] . To solve these problems, there are some research fields to put efforts in. Two of them are the microreactors and the use of an active catalyst.
Microreactors containing microcapillary have superior heat and mass transfer characteristics because of the scale effect [8] , so it can eliminate the safety risk caused by the strong exothermic reaction of hydrocarbons oxidation [9] . Fischer [10] has studied uncatalyzed cyclohexane oxidation in microcapillary using different diameters, and the conversion of cyclohexane was about 6% and selectivity to value products was less than 80%. He inferred that, in the microcapillary, there is no gas-liquid mass transfer limitation and the absorption equilibrium is achieved at every stage of the reaction. Hence, the microcapillary reactor allows the measurement of intrinsic kinetics for the uncatalyzed cyclohexane oxidation without interference of gas-liquid mass transfer [11] . However, it was also found that the stainless microcapillary's wall might promote side reactions via experiments. To enhance the selectivity of KA oil, a catalyst is needed to be coated on the wall of the microcapillary.
In the last two decades, gold (Au) catalysts are widely studied for cyclohexane oxidation in batch reactors and exhibited promising results [12] [13] [14] ; for instance, higher conversion of cyclohexane and higher selectivity toward KA oil are achieved. In this study, we coupled the advantages of microcapillary reactor and Au catalysts, by coating Au catalyst on the wall of the microcapillary. The optimal conditions for this microcapillary reactor with nano-gold catalyst are also investigated. At the same time, this data can be used in kinetics research.
Results and Discussion
2.1. Catalysts Characterization 2.1.1. ICP-AES (Inductively Coupled Plasma-Atomic Emission Spectrometry). The content of gold in the catalyst was analyzed by ICP-AES, the result of which is shown in Table 1 . The analysis showed that load efficiency of gold e(Au) was 119.8% more than 100%, which means that actual load had a relatively high efficiency. The reasons for the high efficiency were the use of γ-Al 2 O 3 (about 1-3 μm) as catalyst support. The specific surface area γ-Al 2 O 3 is large, and there is a strong adsorption between support and chlorine acid gold.
Scanning Electronic Microscopy (SEM).
The SEM graph of cleaned steel microcapillary and Au-Al 2 O 3 catalyst coated stainless steel microcapillary is shown in Figure 1 and Figure 2 . As seen from Figure 1 , the inner wall of stainless steel microcapillary washed with hydrochloric acid solution, acetone, and deionized water was uneven. The catalyst carrier layer and the adhesion with the carrier are proportional to the porosity of the wall; therefore, the more micropores on inner wall surface, the stronger the adhesive force between inner wall and supported catalyst. Thus, after acid treatment, a number of micropores appeared on the surface of the stainless steel microcapillary. The inner surface of the microcapillary is larger, so that the adhesive capacity between the catalyst with it is much stronger. The morphology of a microcapillary coated with catalyst is quite different from that of without catalyst as seen in Figure 1 Figure 2 , the presence of holes on the catalyst coating layer is clearly seen. One reason for these very small holes might be that the catalyst is prepared by a constantly stirring process and air is easily mixed into the catalyst suspension during stirring. Therefore, the suspension itself contains a number of small bubbles, which can be solved by repeating the method 2-3 times. Another reason is the use of sand mill grinding to obtain samples where the large vibration might cause the catalyst to fall off slightly. larger, they would not fit into the microhole for the inner surface of stainless steel microcapillary. The capillary force inside tubes is small, making the coating uneven and fall off easily. In the TEM pictures, black dots are the gold nanoparticles. Nano-gold particles were quite even in the picture, about 3-5 nm, and did not show agglomeration or sintering. shows that, at 2θ=38.2°, Au characteristic diffraction peak was found, which means that Au was loaded on the support Al 2 O 3 and the catalyst 1.0% Au-Al 2 O 3 was prepared successfully. 
X-ray Diffraction Analysis (XRD)
.
Effect of Reaction Conditions on Cyclohexane Oxidation
2.2.1. Effect of Residence Time. Effect of different residence times on the reaction was investigated at the temperature of 180°C and pressure of 1.5 MPa, with the molar ratio of oxygen to cyclohexane of 0.3:1. Residence time here was defined as dividing the volume of the microcapillary with the sum of the liquid apparent flow rate plus gas flow rate.
As shown in Figure 5 , the conversion of cyclohexane increased with the residence time. With a residence time of less than 4 min, the conversion increased very obviously; after 4 min, the growth of conversion was not significant as before. The selectivity of cyclohexanol decreased before 2.5 min and then increased smoothly. The selectivity of cyclohexanone showed a trend of increasing and then decreasing. The selectivity of cyclohexanol and cyclohexanone was affected by cyclohexyl hydroperoxide. The reaction of cyclohexane with oxygen is a radical reaction, and the main radicals in this reaction are cyclohexyl peroxy radicals. Cyclohexyl hydroperoxide needed an accumulation stage of about 2.5 min in microcapillary. When residence time was 2.5 min to 4 min, cyclohexyl hydroperoxide decomposed to cyclohexanol and cyclohexanone numerously. Then, after 4 min, the selectivity of cyclohexyl hydroperoxide was at a relatively stable level of about 2.5%. That is the reason why the selectivity of KA oil was low when the selectivity of cyclohexyl hydroperoxide was at the peak. The selectivity of adipic acid at the beginning increased very obviously and then varied smoothly like the conversion of cyclohexane. As residence time increased, cyclohexanol and cyclohexanone were oxidized to adipic acid, so the selectivity of cyclohexanol and cyclohexanone declined and the selectivity of adipic acid increased.
Effect of Pressure.
Effect of different pressure on the reaction was investigated at temperature of 180°C and residence time of 4 min, with oxygen to cyclohexane being molar ratio of 0.3:1 As shown in Figure 6 , the conversion of cyclohexane increases with increasing pressure, reaches the maximum when pressure is 5 MPa, and then decreases when pressure in further increased. When the pressure is less than 5 MPa, the selectivity of cyclohexanol, cyclohexanone, and cyclohexyl hydroperoxide first increases and then decreases, while selectivity of adipic acid first decreases and then increases after 3 MPa. This might be related to the concentration of oxygen dissolved in cyclohexane. When the concentration of dissolved oxygen is increased, the conversion of cyclohexane increases. The reaction generates mainly cyclohexyl hydroperoxide, cyclohexanol, and cyclohexanone, but the same time is not enough to generate a decent amount of adipic acid. When the concentration is further increased, it increases the selectivity towards adipic acid. When the pressure becomes greater than 7 MPa, the gas-liquid phase mixes unevenly and affects the flow pattern; the selectivity of adipic acid also drops significantly. Figure 7 shows the effect of cyclohexane oxidation with temperature variation. Although regularity is relatively not good, a certain trend can be seen. Cyclohexane's conversion in general increased with the rise of temperature. When the temperature is 200°C, the decrease in conversion of cyclohexane could be because of the generated carbon dioxide which cannot be detected in the liquid phase. The selectivity of cyclohexanol decreases with temperature at first but then demonstrates smoothness, while the selectivity of cyclohexanone first increases and then becomes smooth after a little drop. The selectivity of cyclohexyl hydrogen peroxide increases with temperature, after decreasing at first, because, at a lower temperature, cyclohexyl hydrogen peroxide is still in accumulation when the residence time is 4 min. The optimal residence time for accumulation of cyclohexyl hydrogen peroxide at 150°C is 4 min. At higher temperature, cyclohexyl hydrogen peroxide would be decomposing to cyclohexanol and cyclohexanone; thus, the selectivity of cyclohexanol is increased. However, cyclohexanone is more likely to be oxidized at higher temperatures; thus, cyclohexanone's selectivity decreases, and the selectivity of adipic acid rises continuously.
Effect of
Temperature. Effect of different temperatures on the reaction rate was investigated at pressure of 1.5 MPa, residence time of 4 min, and molar ratio of oxygen to cyclohexane of 0.3:1.
Effect of Molar Ratio of Oxygen to Cyclohexane.
The effect of different molar ratio of oxygen to cyclohexane on the reaction was investigated at the pressure of 1.5 MPa and residence time of 4 min, with temperature of 180°C.
As shown in Figure 8 , the conversion of cyclohexane rises substantially with the percentage of oxygen. The selectivity of cyclohexanol increases after decrease while the selectivity of cyclohexanone changes only a little. The selectivity of cyclohexyl hydrogen peroxide decreases in the beginning and then becomes relatively stable. The selectivity of adipic acid rises when the ratio is less than 0.3:1 and becomes stable at a relatively low level when the molar ratio is greater than 0.3:1. At some molar ratio, gas-liquid flow might be poor, making the contact area in gas-liquid-solid phases smaller than the others, which might affect gas-liquid mass transfer in the cyclohexane oxidation reaction. The main factors influencing the cyclohexane oxidation within short residence time is cyclohexane and oxygen contact area. When the molar ratio of oxygen to cyclohexane becomes 0.3:1, the contact area between gas and liquid is large as the bubbles and liquid columns are small. When the molar ratio becomes larger than 0.3:1, the acid generating side reactions have little time to take place. Perhaps it can be seen more clearly if one compares different residence times with molar ratios.
Conclusions
In this study, stainless steel microcapillary coated with a supported nano-gold catalyst was prepared, characterized, and used for cyclohexane oxidation. The conversion of cyclohexane was 2.09%, under 180°C temperature, a residence time of 4 min, reaction pressure of 3 MPa, and molar ratio of oxygen to cyclohexane 0.3:1. The selectivities of cyclohexanol, cyclohexanone, cyclohexyl hydroperoxide, and adipic acid were 29.37%, 39.89%, 2.46%, and 18.87%, respectively. Experiments showed that stainless steel microcapillary coated with a supported nano-gold catalyst in cyclohexane oxidation is very feasible. Also, the reaction time is very short and process operation runs safe and smooth.
4. Experimental 4.1. Microcapillary Cleaning. In washing process, hydrochloric acid solution, soap solution, and acetone were used. The equipment consisted of an ultrasonic washing device, a syringe, and a microcapillary, as shown in Figure 9 . The flow rate of the solutions was about 80-120 mL/min. 4.2. Catalysts Preparation and Characterization. 1. Boehmite was dissolved in nitric acid and stirred under room temperature for 30 minutes. After 2 days, when boehmite was hydrolyzed, polyvinyl alcohol (PVA) was added into the mixture and a suspension was obtained in which PVA contest was 8%, named as Suspension 1.
2. The device for coating was shown in Figure 10 . About 20-25 mL of Suspension 1 was pushed into the microcapillary, and then, the excess Suspension 1 was blown away by N 2 . The microcapillary was dried at 100°C and baked at the temperature of 400°C for 6 h. Thus, a microcapillary coated byγ-Al 2 O 3 was obtained.
3. 20.00 gγ-Al 2 O 3 , with diameter of 0.1-0.3 μm, 4.0 g PVA, and 76 mL deionized water were mixed, and the pH of the mixture was adjusted to 6.5 to 7.5. The mixture was sufficiently mixed to form a stable suspension by stirring. A solution of chloroauric acid (4.22 mL, 1 g/L) was added to the suspension slowly. Keeping continuous stirring, a suspension of chloroauric acid was obtained called Suspension 2.
4. About 20-25 mL of Suspension 2 was also coated on the wall of the microcapillary in the equipment shown in Figure 10 . The microcapillary was dried at 100°C and then baked at a temperature of 400°C for 5 h. A microcapillary coated by nanogold catalyst on its wall was obtained.
5. Catalyst characterization: Microcapillary coated with nano-gold catalyst was characterized by element analysis, SEM, TEM, and XRD.
Determination of gold content in the catalyst was achieved by inductively coupled plasma emission spectrum (ICP-AES) in the instrument IRIS Intrepid II XSP. The catalyst (0.1 g) was immersed in 4 mL aqua regia for 4 h and then filtered, and the filtrate was obtained for analysis.
The morphology and the surface characteristics of the catalyst were achieved by SEM (SIRION-100, Netherlands, the original Philips). For the convenience of SEM, stainless steel capillary was grinded in inclined section with a grinding wheel while there was inevitable wall slightly dropped from the catalyst.
Transmission electron microscopy (TEM) was used to observe the catalyst morphology, gold particles morphology, size and size distribution, etc. By measuring particle size in TEM images, the average particle size was calculated using statistical methods. TEM's (Model JEM-200CX, Japan Electronics JEOL) maximum magnification was 200,000 times, and the accelerating voltage was 160 kV. Analysis was done at the Test Center of Zhejiang University. The instrument made use of a layer of organic membrane and a layer of carbon membrane above the bare copper mesh.
Powder XRD analysis identified the composition and phase of the catalyst samples and the various components. The X-ray diffractometer (Type X'Pert PRO, Dutch palmer naco), used a CuK-α radiation source, and a wavelength λ of 1.541 Å. Tube voltage was 40 kV, and tube current was 40 mA.
Step width was 0.02°, scan range was 2θ = 10-80°, and scanning speed was 0.12°/min. The software used for data processing was Jade5.
4.3. Cyclohexane Oxidation Test. Cyclohexane mixes with oxygen in the SIMM-V2 mixer (made in Germany) to form an excellent gas-liquid slug-plug flow ( Figure 11 ). The reaction occurs in the microcapillary coated by nano-gold catalyst (stainless steel tube, 2000 μm in diameter and 6.797 m in length) with isopropanol added at the end of the microcapillary to quench the reaction and prevent the microcapillary from clogging by the byproduct such as adipic acid. Finally, the reaction products are separated by a gas-liquid microseparator. SIMM-V2 is made up of several 40 μm wide microcapillaries with drapes at the wall formed by LIGA technology. Regarding the superior heat and mass transfer characteristic of the microcapillary, cyclohexane oxidation can be conducted with pure oxygen. The operation can be carried out at a pressure from 1.5 MPa to 8 MPa and temperature up to 200°C.
4.4. Analytical Methods. The quantitative analysis of cyclohexane, cyclohexanol, and cyclohexanone is performed using the GC-1690 Shimadzu Gas Chromatograph (GC) with a flame ionization detector (FID) by internal standard method with nheptane as the internal standard. All acids are analyzed by the neutralization titration using 0.1 mol/L sodium hydroxide solution with phenolphthalein as an indicator. Cyclohexyl hydroperoxide is analyzed by iodometry. Cyclohexyl hydroperoxide reacts with excess KI in the HAc ambient, and then, it is quantified by titration using 0.1 mol/L Na 2 S 2 O 3 solution with starch as indicator.
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